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1. Introduction 

Understanding transport mechanisms for momentum or scalar between urban surfaces and the atmosphere is 

one of essential issues so as to predict flow and scalar distributions attributed to complicated urban climates. One 

of methods to relate these vertical distributions and surface effects such as momentum sink or scalar source/sink, 

is known as a similarity theory within the inertial sub-layer. In the case of the neutral stratification, especially, 

various investigations have revealed surface geometric dependency of aerodynamic parameters such as the drag 

coefficient, roughness length and displacement height by means of both field measurements and wind-tunnel 

experiments (For example, Cheng & Castro 2002, Hagishima et al. 2009). Moreover, similarity of the parameters 

between scalar and momentum has been also confirmed to be possibly applicable for urban surfaces (Kanda and 

Moriizumi, 2009).  

In addition to the similarity theory in the inertial sub-layer, several features of flow distribution and turbulent 

statistics have been studied in the roughness sub-layer and canopy layer where the flow is directly affected by the 

existence of roughness elements. For instance, it is known that spatial-averaged velocity profile satisfies 

logarithmic law, even though the layer does not satisfy the premise of the similarity theory in the inertial sub-layer 

(Cheng & Castro, 2002). In addition, it is also revealed that characteristics of momentum transfer exists; sweep 

events, or strong downward motions with high momentum fluid, are dominant near roughness elements whereas 

ejection events, or strong upward motions with low momentum fluid, dominate sweep events in upper part of the 

roughness sub-layer (Raupach, 1981). Moreover, the visualization of turbulent structures around these events 

based on numerical simulations shows the existences of hair-pin and head-down hair-pin like vortices (For 

example, Finnigan et al. 2009). 

In contrast to these extensive understanding of characteristics of flow fields, little of features for scalar 

dispersion are known especially within the roughness sub-layer. Although a few studies have revealed that there 

is similarity between scalar and momentum transport to some extent also in the roughness sub-layer (Boppana et 

al. 2013), holistic understanding of scalar transport in the layer and the canopy layer has not been reached yet. 

Therefore, we have performed a large-eddy simulation on scalar dispersion from continuous area surface 

located on the floor of a rough surface. As the roughness condition, a cubical array in staggered layout is selected 

in order to generate both of the roughness sub-layer and the canopy layer. The scalar boundary layer can develop 

to streamwise direction. The purposes of this study are summarized as follows: (1) to quantify the streamwise 

characteristics of scalar boundary layer, including trends of concentration and turbulent scalar flux, (2) to apply 

quadrant analysis so as to quantify the contribution of updraft or downdraft to total turbulent scalar flux, and then to 

discuss the similarity and dissimilarity of momentum and scalar in terms of flux decomposition.  

2. Numerical setups 

A simulation model called parallelized large-eddy simulation model (PALM, Letzel et al. 2008) is adopted in this 

study. The model employs the filtered Navier-Stokes (NS) equations, the continuity equation, the equation for 

scalar conservation, and the equation of the sub-grid scale turbulence kinetic energy (SGS-TKE) with a turbulence 

model of the 1 1/2th order Deardorff scheme (Deardorff, 1980). Numerical schemes are the 3rd order Runge-Kutta 

scheme for time integration and the 2nd order central difference scheme for advection. The pressure and velocity 

are corrected by applying the fractional step method. Further details of the simulation model can be referred in 

Letzel et al.(2008).  

The schematic figure of the simulation domain is shown in Fig. 1. The wind velocity is defined as 𝑢𝑖 (i=1,2 and 

3 for 𝑢 , 𝑣  and 𝑤 ) for 𝑥𝑖  (i=1,2 and 3 for 𝑥 :streamwise, 𝑦 :spanwise and 𝑧 :vertical) direction. The scalar 

concentration is expressed as 𝑠 kg/m
3
. On the floor of the domain, cubes with a height of 𝐻 = 24 mm are 

arranged in staggered pattern with the packing density of 7.1%. The geometrical configuration is chosen as the 

form drag contributes dominantly to the total drag force at the condition of the packing density based on 

wind-tunnel experimental data (Zaki et al., 2012). In addition, an area scalar source are installed on the floor of the 

domain with the streamwise distance of 45𝐻.  

On the wall surface, the wall function of zo-type log-law (𝑧𝑜 = 3 × 10−6 m for momentum and scalar) is 

employed and the surface scalar concentration is fixed as 𝑠𝑠𝑢𝑟𝑓 = 0.17 kgm
-3

. The selection of the wall function 

and the parameter may not affect largely flow fields because the pressure form drag acting on cubical blocks is the 

dominant momentum sink. Although the amount of scalar fluxes on the area source is only determined by the wall 
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function and the parameter, it can be assumed that the scalar concentration filed is well captured after emitted 

from the source because the scalar is passively transported by following the flow fields.  

For the lateral and streamwise boundary, the periodic boundary condition is applied and the flow is driven by the 

streamwise constant pressure gradient with the friction velocity of 𝑢∗ = 0.2 after Hagishima et al. (2009) to obtain 

approximately 2 m/s
1
 at 𝑧 = 6𝐻. In order to simulate a developing scalar concentration fields by a continuous area 

source, the concentration are reduce to its reference level 𝑠𝑟𝑒𝑓 = 0.009 kg/m
3 

at the upstream edge of the 

simulation domain. For the top of the domain, the zero-gradient condition is imposed. The uniform grid size of 

𝛥𝑥𝑖 = 𝐻/16 are used for all directions. 

The initial duration is from time 𝑡 = 0 to 50s, which satisfies the criteria for the initial duration of 200T 

(𝑇 = 𝐻/𝑢∗) suggested in Coceal et al. (2006) and the convergence of the temporally-spatially averaged profiles 

are confirmed for the streamwise wind speed, the vertical momentum flux, and turbulence kinetic energy. The 

averaged scalar concentration is recorded in each unit consisting of a block and a unit area from unit 1 to unit 12. 

Instantaneous flow and scalar fields are also collected on a xz-plane at the lateral center of blocks as shown in 

Fig.1.  
 

3. Results 

3.1 Validation  

In Fig. 2, the transfer coefficients for momentum and scalar are compared between the simulation and 

experiments (Hagishima et al. 2009, Ikegaya et al. 2013) at each reference height. The transfer coefficients are 

defined as follows. 

𝐶𝐸 =
𝑢∗𝑠∗

𝑢𝑟𝑒𝑓(𝑠𝑠𝑢𝑟𝑓 − 𝑠𝑟𝑒𝑓)
 (1) 

𝐶𝑑 =
𝑢 ∗2

0.5𝑢𝑟𝑒𝑓
2  (2) 

Here, 𝑢∗ [m/s] is the friction velocity, 𝑠∗ = 𝐹/𝑢∗ [kg/m
3
] is the friction scalar, 𝐹 [kg/m

2
s] is the scalar flux, and 

𝑢𝑟𝑒𝑓  is the reference wind speed. As can be seen in Fig.3, it is clear that scalar transfer coefficients of the 

simulation are significantly underestimated, whereas the difference of the momentum transfer coefficients 

between the simulation and the experiments are relatively small. The ratios of the scalar transfer coefficients of the 

simulation to those of experiments are around 20% for all heights. This result means that the scalar flux from the 

surface are strongly affected by the assumption of the wall function, and it is necessary to adopt an appropriate 

roughness parameter to accurately reproduce the value of surface flux if we employ a wall function. In contrast to 

this large discrepancy of scalar transfer coefficients, the ratios of the momentum transfer coefficients between the 

simulation and experiments are from 88% to 99%. This is because the dominant momentum sink is attributed to 

the pressure form drag as we expected. In addition to the good agreement of the transfer coefficients, it is 

confirmed that other statistics such as the streamwise wind profile and the momentum flux are consistent with the 

previous experimental work (not shown here).  

Fig.2 shows scalar concentrations averaged over unit 2, 3, 4, 5 and 7 for the simulation and wind-tunnel 

experiments (Ikegaya et al. 2012). The experimental data are measured at four points in each unit. In Fig.2 (a), the 

concentrations are normalized by the difference of the concentrations between the surface and the reference point. 

As shown in Fig.2 (a), the profiles show significantly large discrepancies between the simulation and experiment 

for all units. This difference seems to be caused by the underestimation of the surface flux. In addition to that, it is 

probable that the normalization based on the difference of the surface and reference concentrations is not 

Fig. 1 Schematic view of simulation domain 
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appropriate for the current simulation because the concentration difference is not a potential for scalar emission 

from the source due to employing the wall function. According to the fact, however, that the scalar quantities are 

passively transported by the flow fields, the normalized concentration by considering the amount of surface flux 

might be suitable for the comparison with the experimental data. Therefore, in Fig.2 (b), the concentration profiles 

normalized by the value of friction scalar s∗ = ⟨𝐹⟩/𝑢∗ are shown, where ⟨𝐹⟩ temporally and spatially averaged 

surface scalar flux. The normalized values show better agreement especially above 𝑧/𝐻 = 1 although there are 

still discrepancies of the concentrations within the canopy layer. Even though the difference of the surface scalar 

flux is taken into accounts by the area-averaged value, streamwise changes of surface scalar flux which may not 

be  accurately predicted will affect strongly the concentration fields above the source when continuous area 

source is employed. Therefore, it might be one reason of the difference for scalar concentrations in the canopy 

layer near the scalar source.  

Based on the normalized concentrations in Fig.4 (b), 1% boundary layer thickness 𝛿𝑠 is calculated as shown in 

Fig.3 in order to compare the height obtained from the experiments (Ikegaya et al. 2012). As can be seen in Fig.3, 

the boundary layer heights of the simulation agree well with those of the experiments. In addition to that, the height 

where the scalar flux became 1% of its surface value are shown as 𝛿
𝑠′𝑤′=1%

. This indicates that the scalar emitted 

from the surface reaches almost 5.6𝐻 with a streamwise distance of the scalar source of 45𝐻. 

According to the comparisons of scalar fluxes and concentration fields, we can conclude that flow and scalar 

fields are well simulated with appropriate normalization although estimations of the surface flux by using the wall 

function should be improved if accurate amount of the scalar transport is necessary. 

3.2 Quadrant analysis 

Turbulent events of scalar transports are decomposed based on the quadrant analysis in which the intermittent 

events of flow and scalar are categorized by the sign of the wind speed and concentration as follows. 
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𝑄1:  𝑤′ > 0, 𝑠′ > 0 

(3) 
𝑄2:  𝑤′ > 0, 𝑠′ < 0 

𝑄3:  𝑤′ < 0, 𝑠′ < 0 

𝑄4:  𝑤′ < 0, 𝑠′ > 0 

Here, fluctuation parts of the vertical wind speed and the scalar concentration are defined as 𝑤′ = 𝑤 − 𝑤 and 

s′ = 𝑠 − 𝑠 , where 𝑤 and  𝑠  are temporarily-averaged quantities. In the simulation, since the scalar source is 

located on the floor of the domain, the net scalar transfer is upward direction and events in Q1, upward drafts with 

high concentrations, and Q3, downward drafts with low concentrations, are expected to contribute dominantly to 

total scalar fluxes. 

Fig. 5 illustrates the contributions of scalar fluxes in each quadrant to total surface scalar fluxes 𝑠∗𝑢∗ averaged 

in unit 11 and 12 up to the height 𝛿
𝑠′𝑤′=1%

~5.6𝐻. As we expected, events in Q1 and Q3 dominate other two 

events in Q2 and Q4. Moreover, the contribution of Q3 is larger than that of Q1 within the canopy layer; however, 

opposite trends can be seen above 𝑧/𝐻=1. For momentum transports, it is known that dominant quadrants to total 

momentum flux are sweep or Q4 ( 𝑢′ > 0, 𝑤′ < 0 ) within the canopy layer, and ejection or Q2 ( 𝑢′ < 0, 𝑤′ > 0 ) 

above the canopy. Since net transport directions of momentum and scalar are opposite, scalar transfer in Q3 

event is related with sweep motions, and that in Q1 corresponds to ejection events. Therefore, these results mean 

that characteristics of the scalar and momentum transports shows similar tendency within and above canopy, 

indicating that the scalar quantities are transferred passively following flow fields. 

In order to compare the streamwise difference of the scalar fluxes, the profiles averaged in two units are shown 

for events in Q1 (Fig.6 (a)) and Q3 (Fig.6 (b)). The vertical axis is normalized by 𝛿
𝑠′𝑤′=1%

(𝑥) averaged over 

corresponding two units. The profiles show good agreement each other for both Q1 and Q3 except for the value 

for unit 1 and 2. The significant difference of the profile for unit1 and 2 from other downstream locations is caused 

by the thin boundary layer height of 𝛿
𝑠′𝑤′=1%

~2𝐻. On the other hands, the good agreement of the profiles in other 

units indicates that the turbulent transport of scalar can be well explained based on the boundary layer height.  

4. Conclusion 

We have performed large-eddy simulation over a cubical block array with a continuous area scalar source from 

the floor. The characteristics of the scalar concentration fields and turbulent statistics under developing a 

boundary layer are revealed as follows. Firstly, normalized scalar concentration based on friction scalar shows 

better agreement although the surface scalar flux is not accurately estimated. The height where scalar can be 

transported reaches up to 5.6H with a streamwise distance of 45H. Secondly, quadrant analysis is performed to 

categorize turbulent events which contribute dominantly to scalar transfer. The analysis shows that characteristics 

of the scalar and momentum transports are consistent with each other within and above canopy, indicating that 

the scalar quantities are possibly transferred passively following flow fields. 
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